The growth curve of Azotobacter vinelandii was biphasic when the organism was grown in a medium containing a mixture of galactose and glucose. Galactose was the primary carbon source; glucose was also consumed, but the rate at which it was consumed was lower than the rate at which galactose was consumed during the first phase of growth. Metabolic pathways for both sugars were induced. Cell cultures exhibited a second lag period as galactose was depleted. The length of this lag phase varied from 2 to 10 h depending on the pregrowth history of the cells. The second log growth phase occurred at the expense of the remaining glucose in the medium and was accompanied by induction of the high-maximum rate of metabolism glucoseinduced glucose permease and increases in the levels of glucose metabolic enzymes. The second lag phase of diauxie may have been due to the time required for induction of the glucose-induced glucose permease.
The growth curve of Azotobacter vinelandii was biphasic when the organism was grown in a medium containing a mixture of galactose and glucose. Galactose was the primary carbon source; glucose was also consumed, but the rate at which it was consumed was lower than the rate at which galactose was consumed during the first phase of growth. Metabolic pathways for both sugars were induced. Cell cultures exhibited a second lag period as galactose was depleted. The length of this lag phase varied from 2 to 10 h depending on the pregrowth history of the cells. The second log growth phase occurred at the expense of the remaining glucose in the medium and was accompanied by induction of the high-maximum rate of metabolism glucoseinduced glucose permease and increases in the levels of glucose metabolic enzymes. The second lag phase of diauxie may have been due to the time required for induction of the glucose-induced glucose permease.
Azotobacter vinelandii is a free-living, N 2 -fixing, aerobic soil bacterium. However, it is thought that the lack of suitable carbon substrates in the soil prevents most free-living organisms from fixing nitrogen effectively. We found that the carbon metabolism of A. vinelandii is quite different from the carbon metabolism of the enteric bacteria. Detailed studies of carbon metabolism in this organism could reveal the contribution of free-living N 2 fixers in the soil.
A. vinelandii synthesizes an exo-␣-galactosidase when galactose or other ␣-galactosides (such as melibiose) are in the medium (11) . This enzyme breaks down melibiose to glucose and galactose extracellularly, yet when cells are grown on melibiose, a significant amount of glucose or galactose does not accumulate in the medium. These results suggest that cells can metabolize these two monosaccharides simultaneously as soon as melibiose is hydrolyzed. Other studies have confirmed that galactose induces two permeases which transport glucose and galactose into the cells simultaneously, but independently (13) . The galactose-induced glucose permease (designated Glu-2 permease) is different from the glucose-induced glucose permease (designated Glu-1 permease). The Glu-1 permease exhibits a higher maximum rate of metabolism (V max ) and a higher K m value for glucose uptake than the Glu-2 permease. Once glucose is inside the cells, it is metabolized by the Entner-Doudoroff (ED) pathway (7, 8) . Recently, we (14) found that A. vinelandii metabolizes galactose by the DeLey-Doudoroff (DD) pathway (2, 5) .
Since A. vinelandii hydrolyzes melibiose extracellularly and transports glucose and galactose into its cells simultaneously, we expected that the growth of cells on a mixture of glucose and galactose would mimic the growth of cells on melibiose. To our surprise, we found that the growth curve of A. vinelandii cultures growing on a mixture of galactose and glucose was diauxic. In this paper we describe the galactose-glucose diauxic growth of A. vinelandii.
MATERIALS AND METHODS
The D-glucose, D-galactose, melibiose, 6-phosphogluconate, sodium acetate, glycerol, o-dianisidine dihydrochloride, o-toluidine, and methanol used in this study were reagent grade. A glucose detection kit (catalog no. 510-AD), a pyruvate detection kit (catalog no. 726), galactose oxidase, peroxidase (type VI-A), and NAD were purchased from Sigma Chemical Co. [ A. vinelandii OP (ϭ ATCC 13705) was grown in Burk's buffer supplemented with the appropriate sugar (10, 12) . Glucose uptake-defective mutant AM2 was a gift from T. Melton. This organism was isolated as a 5-thio-D-glucose-resistant mutant that failed to synthesize the glucose-induced Glu-1 permease (3). Mutant AM2 has been partially characterized and has been shown to grow well on galactose and to transport glucose via the galactose-induced Glu-2 permease (13). Unless indicated otherwise, all carbon sources were filter sterilized and added to sterile media at a final concentration of 11 mM. Diauxie medium consisted of 11 mM glucose and 11 mM galactose in Burk's buffer. The limiting growth factor in each medium was the carbon source. When needed, ammonium sulfate was included in the diauxic growth medium at a final concentration of 20 mM.
All cultures were grown in an incubator-shaker at 30ЊC and 400 rpm. Cells were pregrown on the test sugar for five to seven generations twice before inoculation. A 50-l portion of a cell suspension was inoculated into 50 ml of diauxic growth medium in a 500-ml sidearm flask. Cell growth was monitored by direct cell counting in a Petroff-Hausser bacterial counting chamber. At intervals, samples (0.3 ml) were removed to determine the cell number and the amount of free sugar in the medium. Growth was also determined photometrically at 560 nm in subsequent experiments. The two methods resulted in similar growth curves. All samples were analyzed in triplicate, and each experiment was repeated at least three times.
The glucose concentrations in the culture fluids were determined with a colorimetric glucose oxidase-peroxidase kit obtained from Sigma Chemical Co. Similar procedures were used to determine galactose concentrations; in these experiments galactose oxidase was used instead of glucose oxidase.
The procedure used to determine glucose uptake has been described elsewhere (13) . The specific activity of the [ Cytoplasmic fractions of cells were obtained by differential centrifugation (4). The key enzymes of the ED and DD pathways (6-phosphogluconate dehydratase-3-keto-2-deoxy-6-phosphogluconate aldolase and D-galactose dehydrogenase, respectively) were detected by using previously described methods (14) .
RESULTS
Kinetics of diauxic growth. Figure 1 shows a typical growth curve for A. vinelandii on diauxie medium; in this experiment, the inoculum was pregrown on acetate. A lag period of about 8 h was observed after inoculation of the diauxie medium. Cells reached a second lag phase after 22 h. A second log phase was detected 2 to 10 h after the second lag phase. Diauxie occurred regardless of the pregrowth history of the inoculum. However, the duration of the second lag phase was influenced by the pregrowth conditions of the culture. The lengths of the second lag phases were about 2.5, 4.2, 5, 5.5, and 10 h for cells pregrown on glycerol, glucose, acetate, galactose, and melibiose, respectively. Diauxie still occurred when cells were grown on fixed nitrogen (data not shown). This biphasic growth curve was different from the monophasic growth curve exhibited by cultures growing on melibiose (Fig. 1) .
We also monitored the free galactose and glucose concentrations in the medium (Fig. 1 ) and found that galactose was totally depleted at the end of the first growth phase. Depletion of galactose in the medium coincided with the appearance of the second lag phase. In contrast, only about 20% of the glucose was consumed during the first phase of diauxie. Rapid consumption of glucose occurred during the second log phase. Only traces of glucose remained in stationary-phase cultures.
Effects of the ratio of glucose to galactose. Diauxic growth occurred only when glucose was present at a concentration equal to or higher than the galactose concentration (Fig. 2) . When the concentration of glucose was higher than the concentration of galactose, the cell yields during the second growth phase increased proportionally. Diauxie did not occur when the concentrations of glucose and galactose were less than 5 mM each (data not shown).
Lack of diauxie in the glucose uptake-defective mutant. The growth curve obtained for glucose uptake-defective strain AM2 in diauxic growth medium is shown in Fig. 3 . A. vinelandii AM2 grew readily in diauxic growth medium. The initial growth curve was similar to the growth curve of the wild-type strain. However, as galactose was depleted, exponential growth was followed by slower linear growth at the expense of glucose.
Cell growth eventually stopped after 50 h; at this point approximately 50% of the glucose remained in the medium.
Kinetics of glucose uptake in the first and second phases. Kinetic studies (Fig. 4) Table 1 . Cells growing in diauxic growth medium were assayed at 10, 20, and 40 h after inoculation. These time points corresponded to the mid-log phase of the first phase of growth, the late log phase of the first phase, and the final stationary phase of growth, respectively, and the activity of the ED pathway of glucose metabolism had increased 38-, 69-, and 248-fold, respectively, compared with the activity at the time of inoculation. The activity of the DD pathway of galactose metabolism was highest at the end of the first log phase but had decreased about 3-fold by the final stationary phase. The acetate-grown inoculum did not contain enzymes of either pathway. Cells growing on glucose exhibited only ED pathway activity, while only DD pathway activity was observed in galactose-grown cells. Cells growing on melibiose metabolized both sugars and thus exhibited enzymatic activities of both pathways.
DISCUSSION
We observed unique diauxic growth with A. vinelandii growing on glucose and galactose, in which the first phase of diauxie involved the cotransport of the two substrates. This type of diauxie is different from most diauxies, in which organisms often utilize one substrate at a time. Our results suggest that the transport of glucose was repressed by metabolites of galactose, but that the glycolytic pathway of glucose metabolism was influenced by the influx of glucose.
The glycolytic ED pathway for glucose in A. vinelandii has been known for some time (7, 8) . However, our knowledge concerning the regulation of glucose metabolism in this organism is very limited. Barnes showed that glucose transport in A. vinelandii is inducible (1) . Enzymes of the tricarboxylic acid cycle are constitutively expressed in A. vinelandii, and metabolites of the tricarboxylic acid cycle can repress the utilization of glucose (3). When A. vinelandii is grown on a mixture of acetate and glucose, the culture prefers acetate and exhibits diauxic growth (3). Transport and utilization of acetate are constitutively expressed. McKenney and Melton (6) suggested that acetate or its metabolites act to repress the glucose utilization system in A. vinelandii. However, the repression of glucose metabolism by acetate is rather weak. High glucose concentrations can override the inducer exclusion and metabolic repression caused by acetate. Also, a high concentration of acetate is required to induce acetate-glucose diauxie when the inoculum of A. vinelandii is pregrown on glucose (9). There have been no reports concerning the relationship between the glucose uptake system and the ED pathway in A. vinelandii.
We found that glucose transport and the ED pathway were regulated separately in A. vinelandii. The activity of the ED pathway depended on the influx of glucose. Thus, the ED pathway was induced when glucose was transported slowly into the cells via the Glu-2 permease. This occurred when cells were growing on melibiose or during the first phase of galactoseglucose diauxie. A three-to fourfold increase in ED pathway activity was detected when glucose was transported rapidly into the cells via the Glu-1 permease. This was true when cells were grown on glucose or during the second phase of galactoseglucose diauxie. The lack of enzymes of the ED pathway in acetate-grown cells led Tauchert et al. (9) to propose that the ED pathway may be negatively regulated by acetate. We believe that in addition to metabolite inhibition of the ED pathway by acetate, as suggested by Tauchert et al., a high acetate concentration in the medium might repress the Glu-1 permease. The decrease in ED pathway enzyme activities in the presence of acetate might reflect the lack of inducer (glucose) for the ED pathway inside the cells.
We propose that, unlike the ''reverse repression'' proposed by Tauchert et al., in which glucose utilization was negatively regulated by downstream intermediate metabolites, glucose transport can also be regulated in parallel by other hexoses. The metabolism of galactose and the metabolism of glucose share many characteristics. Both substrates are hexoses. Both the DD pathway of galactose metabolism and the ED pathway of glucose metabolism are inducible pathways in A. vinelandii. The end products of the ED and DD pathways are the same, pyruvate and glyceraldehyde 3-phosphate. Thus, repression of the Glu-1 permease by galactose was probably not caused by preinduced enzymes or by downstream metabolites generated from glyceraldehyde 3-phosphate and pyruvate.
Unlike acetate repression, repression of the Gal-1 permease by galactose was strong. Cells pregrown in glucose or in medium containing a high concentration of glucose cannot override the metabolic repression caused by galactose (Fig. 2) . The length of the second lag phase was influenced by the conditions used to pregrow the cells. This suggests that some enzymes produced in the pregrown culture could have a long-lasting effect on the induction of the Glu-1 permease in A. vinelandii. When the galactose in the diauxic growth medium was depleted, strain AM2 could not sustain logarithmic growth on the remaining glucose in the medium. It is possible that the lack of galactose prevented further synthesis of new Glu-2 permease. Since the Glu-1 permease in these cells was defective, cell growth eventually stopped as the existing Glu-2 permease was gradually degraded (Fig. 3) .
Induction of the Glu-1 permease of A. vinelandii might require a high concentration of glucose and the absence of repressor. No diauxie was detected when the concentration of the sugars was low (less than 5 mM), and diauxie was not detected when the ratio of glucose to galactose was low. Likewise, as diauxie was not detected when cells were grown on melibiose, it is likely that growth on melibiose is limited by the rate of extracellular hydrolysis of melibiose. Therefore, the low levels of glucose and galactose might mimic the low-sugar growth conditions tested in this study.
